Mouse lymphoma tissue culture cells (S49.1A) are normally killed by dexamethasone, a synthetic glucocorticoid hormone. Dexamethasone-resistant clones have been selected from this line, some of which retain the ability to specifically bind dexamethasone. Addition of [Hidexamethasone to cultures, followed by cell fractionation, reveals that the nuclear transfer of hormone-receptor complexes in some of these variant clones is deficient (nt-), while others show increased nuclear transfer (nti) relative to the parental line. Two independently selected members of each class have been studied here, in an effort to elucidate the molecular determinants involved in the receptor-nucleus interaction in vivo. The labeled receptors in cell-free extracts bind to DNA-cellulose, but only after previous incubation of the extract at 200, similar to the treatment required for cell-free interaction of receptors with nuclei. More importantly, the apparent DNAbinding affinity of the nt -receptors is lower than the wild type, whereas the nti receptors bind DNA with an affinity higher than the parental molecules. The parallelism of nuclear and DNA binding, together with the observations that the receptors from the variants have sedimentation properties different from the wild-type cells, lead us to conclude that (i) these variants may contain altered receptor molecules and (ii) DNA is probably the primary nuclear binding site for steroid receptors in vivo.
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Steroid hormones appear to exert their primary action by a common mechanism (for review, see ref. 1) in which the hormone first becomes tightly bound by specific soluble receptor proteins in target cells. The hormone-receptor complexes then accumulate in the cell nuclei, where they are presumed to effect the transcription of specific genes. Thus, hormones might act as effector ligands that increase the affinity of the receptor for its nuclear site of action (2) (3) (4) . Obviously, it is of great interest to characterize the nature of the nuclear binding sites. Many investigators have reported binding of radioactive steroid-receptor complexes to chromatin preparations (5-7), but to which specific component remains unclear. Thus, various studies suggest that receptors bind to nuclear membranes (8) , to specific nuclear acidic (9) and basic proteins (10) , and to purified DNA (3, (11) (12) (13) . However, it is difficult to evaluate the significance of these phenomena in vitro because correlation with observations in vivo is either indirect or lacking altogether.
In an effort to overcome some of these difficulties, we have studied here the DNA-binding properties of glucocorticoid receptors from an established line of hormone-sensitive mouse Abbreviations: nt-and nti, nuclear transfer deficient and increased nuclear transfer, respectively; dex, dexamethasone; wt, wild type. 3901 lymphoma cells that are normally killed by the hormone (14, 15) , and four independently selected hormone-resistant variant clones of that line. Data described in this report suggest that the four variants studied contain altered receptor proteins. Observations in whole cells show that two of the variant clones are greatly impaired in their ability to transfer receptor -steroid complexes to the nucleus, whereas the other two clones exhibit a striking increase in the percentage of receptor transferred. The present study shows that the extent of nuclear binding is closely paralleled by the cell-free binding of these receptors to purified DNA. These results strongly support the idea that DNA is a major determinant for nuclear localization in whole cells.
MATERIALS AND METHODS
Cell Lines. The Balb/c mouse lymphoma line S49.1TB4.1A (here denoted S49.1A), cloned from a line established by Dr. A. Harris (16) , was cultured in tightly stoppered spinner bottles in Dulbecco's modified Eagle's medium, supplemented with 10%/ horse serum and 10 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid), pH 7.4. Three of the variants described here, S49.1A.13R, S49.1A.22R, and S49.1A.55R, were originally selected in this laboratory by Dr. C. H. Sibley (14) , and the fourth was obtained by the same method.
Preparation and Labeling of Cell Extracts. Cell pellets were homogenized with a motor-driven Teflon pestle in about one volume of TEGN05 buffer, containing 10 mM Tris (pH 8.1), 1 mM NaEDTA, 10% (v/v) glycerol, 50 mM NaCl, 1 mM 2-mercaptoethanol, and 100 pg/ml of crystalline bovine serum albumin. The supernatant of a 15-min centrifugation at 33,000 -X g was made 50 nM in the synthetic glucocorticoid ['Hldexamethasone (27- "wild-type" parental line, S49.1A, transfers about half of it labeled receptors to the nucleus. In contrast, two of the variant lines, S49.1A.13R and S49.1A.22R, display greatly reduced nuclear binding activity, whereas two other clones, S49.1A. 55R and S49.1A.75R, show significantly more nuclear binding than S49.1A (Table 1) . The "13R" and "22R" lines are phenotypically classified as nt-, or nuclear transfer deficient, and the "55R" and "75R' lines as nti, or increased nuclear transfer.
Sucrose Gradient Sedimentation of [8H]dex-labeled extracts from the wild-type and variant lines was done in buffers DNA-Binding of Altered Steroid Receptors' 3903 containing 50 mM and 250 mM NaCl. In order to detect small differences in the sedimentation rate, the gradients were formed and collected especially carefully, as indicated by the fact that the peak of the marker alkaline phosphatase activity (6.2 S) Was found in the same fraction of each gradient in a given centrifugation. As shown in Fig. 1 , the receptor in wildtype extracts sediments as a relatively homogeneous 4S peak at the high salt concentration and as a somewhat broader peak, centered at about 5.5 S, in low salt. This behavior is very similar to that of other steroid receptors (18) (19) (20) , which also decrease in sedimentation rate to about 4 S as the ionic strength is increased. Other experiments reveal that the 4S and 5.5S receptor forms are freely interconverted by adjusting the ionic strength of the buffer. Furthermore, these experiments suggest that the 5.5S form may result from association of nonreceptor components with the 4S receptor (K. Yamamoto, unpublished results). In any case, we were surprised to find small, but reproducible, differences between the sedimentation properties of the wild type and each of the variant receptors studied. As shown in Table 2 , the 13R receptor sediments more rapidly than the wild-type molecule at both low and high salt concentrations, whereas the 22R receptor migrates more slowly at low salt concentration, but is indistinguishable from wild type at high salt concentration.
The nti (55R and 75R) receptors behave alike, sedimenting
"normally" at low salt concentration, but more slowly than wild-type receptors at high salt concentration. Fig. lA-C illustrates examples of typical sedimentation patterns oW tained, and Table 2 summarizes the results of several such experiments.
Receptors Binding to DNA Requires "Activdtion." To assess the binding bf the various receptors to DNA, cell extracts were prepared in buffer containing 50 mM NaCl and chromatographed on DNA-cellulose columns. Only a minor proportion of the labeled receptor put onto the column (an average of 8% in wild type) binds to the DNA if the extract is kept cold, throughout the procedure (Table 3) . However, if the extract is incubated at 200 for 35 min before chromatography at 40, the DNA-binding of receptor-steroid complex increases by about an order of magnitude. This phenomenon has been termed "activations" and has been shown to stimulate cell-free receptor binding to intact nuclei and DINA (23) (24) (25) . Although the-physical changes occurring upon activation are not understood, preliminary experiments show that the 200 incubation does not result in a detectable change in the sedimentation properties of the receptors (K. Yamamoto, unpublished), unlike the 4S to 5S conversion observed with estradiol receptors under similar conditions (3, 22) .
DNA-Binding and Elution of Variant Receptors. Table 3 shows that both nt-receptors bind poorly to DNA-cellulose even after activation at 200. However, these data also show that none of the variants appears to be defective in activation, since in every case, the 20°incubation strongly stimulates binding. Under conditions where more than 85% of the input wild-type receptor binds DNA, only 10-15% of the ntreceptors bind. This small fraction bound appears to be an equilibrium figure, since it does not increase as the duration of contact between the extract and the DNA-cellulose is lengthened from 20 min to 4 hr. Furthermore, both bound and unbound fractions were reloaded onto DNA-cellulose. About that the binding observed is not due merely to heterogeneity in the receptor population (data not shown). Moreover, the variant receptors elute from DNA-cellulose at 110-120 mM NaCl, clearly lower than the 170 mM NaCl required to elute wild-type receptors (Table 3 and Fig. 2A ).
The nti receptors, which show abnormally high nuclear localization in whole cells, bind like wild type, almost quantitatively to DNA-cellulose columns after 200 activation (Table 3) . However, these variant receptors require 210 mM NaCl to be eluted from the DNA, a significantly higher concentration than that needed for elution of wild-type receptor (Table 3 and Fig. 2B ).
Although the order of elution in a gradient of increasing ionic strength is not a rigorous measure of the relative affinities of these receptors for DNA, these results strongly support the notion that the receptors from the nt-variants bind to DNA with affinities lower than wild type, whereas those from the nti cells bind with higher affinity than the parental line. Moreover, recent experiments using partially purified receptors from wild type and an nt-extract (22R) indicate that at 50 niM NaCl the equilibrium dissociation constant (4) (8) (9) (10) (11) (12) (13) (14) (15) (16) 91 (82-100) 210
Input [3H]dex-receptor complex was quantitated by subjecting an aliquot of extract either to treatment with activated charcoal to remove free (3H]dex (2) or, in some cases, to sucrose gradient sedimentation. Extracts containing 10,000-50,000 cpm of ['H]-dex-labeled receptor in 0.5 ml of TEGNO5 buffer were put onto 1-ml DNA-cellulose columns, pumped at a constant rate of 3-4 column volumes/hr. After the unbound material was rinsed out with 6 column volumes of TEGNO5, bound receptor was eluted either stepwise, with buffer containing 250 mM NaCl, or with a 12 column volume linear gradient froin 50 mM to 300 mM NaCl. Fractions (200-300.ul) were collected directly into counting vials. graphed on DNA-cellulose. The results, shown in Table 4 for 22R, demonstrate that the extracts behave independently, with no inhibition of wild-type binding by nt-, and no stimulation of nt-binding by wild type.
The second type of experiment was carried out with wildtype and nti extracts, both of which were labeled with [3H]dex. Aliquots of the extracts were mixed, either before or after the 200 incubation, then loaded onto DNA-cellulose columns; the bound components were gradient-eluted. The results, depicted in Fig. 2C for 7SR, again show that substances present in one extract do not affect the DNA-binding properties of the other, whether the two extracts are mixed before or after the 20°incubation.
These data imply that the aberrant DNA-binding properties of the receptors from the variants studied here are due to alterations in the receptor molecules themselves, rather than to alterations in other soluble components in the extracts.
DISCUSSION
Ten different nt-and nti clones have been phenotypically characterized in this laboratory. In addition, more than 100 clones that lack hormone-binding activity (r-, or "receptor activity deficient") have been selected. Like other variant- phenotypes in cell culture systems (26) (27) (28) , hormone resistance in S49.1A arises at a relatively high frequency (about 3 X 10-) in pseudodiploid as well as pseudotetraploid clones (14) . Although it is encouraging that mutagenesis and fluctuation analysis studies (14) are both consistent with the possibility that these variants represent actual structural gene mutations, direct demonstration of a molecular alteration in a purified component would be of obvious value. It is interesting that all of the variant lines that have been studied show defects in the receptor system, rather than in a nuclear locus with an "acceptor" function.
Gehring and Tomkins (25) have recently characterized an nt-variant in detail, and conclude that glucocorticoid receptors contain separate binding "domains": one for steroid and the other for the nuclear binding sites. Our results support the possibility that the four variants described in this report produce receptors with altered nuclear binding domains, differing from the wild-type molecule in their affinity for DNA, as well as their behavior in sucrose gradients.
Previous experiments with various steroid receptors have provided correlative evidence that DNA binding in vitro may be directly related to nuclear localization in vivo. First, the receptors must be complexed with hormone in order to bind either nuclei or DNA (3, 11) . Second, a time-or temperaturedependent activation process required for nuclear transfer is also required for DNA-binding (3, 11) . Third, both nuclear and DNA-binding of the estradiol receptor result in conversion of the 4S receptor to a 5S form (3, 22, 29) . Fourth, the "activation" or "conversion" of glucocorticoid and estradiol receptors gives increased affinities for DNA, but not for RNA (ref. 4; Rousseau et al., in preparation). Finally, supoptimalor anti-inducer compounds, which bind to receptors but do not promote their nuclear localization, also do not stimulate the receptor-DNA interaction (3, 11) .
In this study, the question of the biological relevance of receptor-DNA binding has been approached in a different way. Here, we have exploited the observation that the receptors in certain hormone-insensitive clones of the mouse lymphoma cell line S49.1A display either increased or decreased amounts of nuclear binding. Using these variants, we have been able to directly correlate differences in nuclear binding in intact cells with changes in the apparent affinity of the receptors for purified DNA in cell-free extracts. Of course, it is conceivable that the variant receptors are also modified in their affinities for nuclear components other than DNA. Although this possibility has not been ruled out, the altered DNA-binding properties reported here would, by themselves, change the whole cell nuclear localization characteristics in the -ways observed, since sites are certainly available for protein-DNA interaction in the intact nucleus. Thus, in the simplest interpretation, these results strongly support the contention that DNA is the primary nuclear binding site for glucocorticoid receptors in these mouse lymphoma cells in vivo.
Using the methods described here, we have not been able to approach the question of whether the receptor can recognize a specific DNA base sequence and bind to it with high affinity. In general, DNA-cellulose chromatography is not suited to the detection of specific site binding, due to the high relative concentrations of nonspecific DNA sequences. Thus, even proteins with very high affinities for specific sequences bind readily to nonspecific DNA under these conditions (30) .
Nevertheless, it is of interest that the requirement for activation, and the hierarchy of whole cell nuclear binding observed for wild-type and variant receptors is faithfully preserved in cell-free binding to nonhomologous DNA. One interpretation of this result is that the binding observed in whole cells may itself be to nonspecific sequences. Indeed, the nuclear binding of estrogen in vivo (31) 
